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Abstract Adenylate kinases (AK) from vertebrates are sepa- 
rated into three isoforms, AK1, AK2 and AK3, based on 
structure, subceilular localization and substrate specificity. AK1 
is the short type with the amino acid sequence being 27 residues 
shorter than sequences of the long types, AK2 and AK3. A 
phylogenetic tree prepared for the AK isozymes and other 
members of the nucleoside monophosphate (NMP) kinase family 
shows that the divergence of long and short types occurred first 
and then differentiation in subeellular localization or substrate 
specificity took place. The first step involved a drastic change in 
the three-dimensional structure of the LID domain. The second 
step was caused mainly by smaller changes in amino acid 
sequences. 
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1. Introduction 
Adenylate kinase (AK) is a ubiquitous enzyme which con- 
tributes to homeostasis of adenine nucleotides in living cells. 
Vertebrates have three known isoforms of AKs; AKI in the 
cytosol, AK2 in the mitochondrial intermembrane space and 
AK3 in the mitochondrial matrix. AK1 and AK2 catalyze the 
reversible transfer of the 7-phosphate group from MgATP to 
AMP. The isoform AK3 utilizes GTP more efficiently than 
ATP (for reviews see [1,2]). 
There is size variation among the isoforms; AK1 is the 
short type consisting of 194 amino acid residues, while AK2 
and AK3 are the long type, with 27 additional residues in the 
central portion of their amino acid sequences. The crystal 
structures of both types of AKs [3-6], with or without bound 
substrates have been reported. A comparison of these struc- 
tures revealed that two lobes undergo large movements with 
substrate binding [7]. The movements shield the active center 
of AK from water molecules and prevent ATP hydrolysis. The 
3D structure of AK is decomposed into three subdomains, 
based on the functional roles and induced-fit movements; 
the NMPbind and LID domains, the moving parts, and the 
CORE domain that is unaffected by substrate binding [8,9]. 
The long and short type AKs differ in the LID domain; LID 
is an 11-residue segment in the short type, whereas that in the 
long type consists of 38 residues and the difference led to 
drastic change in the conformation of the LID domain. 
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AKs isolated from prokaryotes belong to the long type 
[10,11]. AK localized to the chloroplast is also the long type 
[12]. If we consider the chloroplast AK and the mitochondrial 
AKs to have a prokaryotic origin in view of the endosymbiont 
hypothesis, AKs are apparently subdivided into the eukaryo- 
tic short type and the prokaryotic long type. However, there 
are instances where this classification does not hold. One is 
the cytosolic AK from S. cerevisiae [13]. This enzyme is the 
long type unlike cytosolic AKs from vertebrates, AK1. The 
second exception is the long type AK from Giardia [14]. Giar- 
dia belongs to the most primitive group in the Eukaryotae, 
and does not have mitochondria. It is unlikely, therefore, that 
the Giardia AK was derived from mitochondria. The third is 
the short type AK from bacteria, Micrococcus [15]. These 
findings led to the postulation that the long and short type 
of AKs may have diverged before the appearance of eukar- 
yotes, and this would explain why both types of AKs are 
found in eukaryotes and prokaryotes. 
In addition, it was reported that UMP-CMP kinase shows 
high sequence homology with AK [16,17] to make up nucleo- 
side monophosphate (NMP) kinase family together with AKs. 
All known UMP-CMP kinases are of the short type. It is thus 
of interest o determine whether the long and short types of 
AKs diverged prior to the appearance of eukaryotes. To elu- 
cidate the evolutionary relationship of members of the NMP 
kinase family with different subcellular localizations, different 
substrate specificities and different sizes, a molecular tree for 
the family was constructed. 
2. Materials and methods 
34 amino acid sequences of NMP kinases were deduced from nu- 
cleotide sequences in DDBJ release 20.0, except that AK from maize 
chloroplast was obtained from PIR. For an outgroup of the NMP 
kinase family, three amino acid sequences of guanylate kinase (GK) 
were collected, in the same manner. Alignment between long and 
short types was performed by assigning the big gap which reflects 
size difference to the LID regions. Since the primary structure of 
the NMPbind domain of GK differs from that of AK [18], the amino 
acid sequences of GKs were aligned to those of AKs only in regions 
building up to the CORE and LID domains. Fig. 1 shows an extract 
from the alignment. 
The evolutionary distance among the amino acid sequences was 
computed from the sequence data in these regions, taking into ac- 
count the evolutionary similarity [19]. Data on the accepted point 
mutations and frequencies for the 20 amino acid residues [20] were 
used for computation. Using the distance matrix, two phylogenetic 
trees were constructed by the neighbor-joining method [21]; one is 
for the NMP kinase family only, and the other includes guanylate 
kinases. When constructing the latter tree, NMPbind domain and 
its adjacent region (denoted '#' in Fig. 1) was not used for computa- 
tion of evolutionary distances because of the lack of alignment for the 
region. To test the reliability of each branch, bootstrap resampling 
[22] was carried out 1000 times for the respective trees. 
All rights reserved. 
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Fig. 1. Alignment of amino acid sequences of the NMP kinase family. Conservative r sidues are framed. The ranges of NMPbind and LID do- 
mains are defined according to the alignment by Vonrhein et al. [9]. Asterisks (*) mark N- and C-terminal regions that were not used for con- 
struction of both trees in Fig. 2 because of the irregular lengths among the sequences. Sharps (#) indicate NMPbind domain and its adjacent 
region that were not used for construction of the tree including GK (Fig. 2B), because GK and AK could not be aligned in the region. For 
references of sequences in the alignment, see Fig. 2 legend. 
3. Results 
In the tree for the NMP kinase family (Fig. 2A), NMP 
kinases could be distinctly divided into long and short types. 
The branch separating the two types appeared in all trials of 
the bootstrap resampling. The long type AKs  from S. cerevi- 
siae and Giardia were also included in the long type cluster. 
The only exception is the Micrococcus AK. Although this 
protein belongs to the short type AK (Fig. 1), it clustered 
with other prokaryotic long type AKs. 
The AK from Giardia did not cluster with mitochondrial 
AK2 nor AK3. The result is consistent with the view that the 
AK from Giardia was not derived from mitochondria. 
Isoforms with a different subcellular localization, AK1, 
AK2, AK3 and AK(maize) formed their own subclusters in 
the long or short type cluster. Bootstrap robabilities indicate 
that these subclusters are significant. The cytosolic AK from 
S. cerevisiae clustered with the mitochondrial AK2 rather 
than with the short type AK1. The AK3 subcluster implies 
that the substrate specificity for GTP was acquired after the 
AK3 subcluster diverged from the AK2 subcluster. The sub- 
strate specificity was changed to accept UMP/CMP in an 
ancestor of UMP-CMP kinases in the short type cluster, 
and in an ancestor of the chloroplast AK in the long type 
cluster, independently of each other. 
To locate a root of the NMP kinase family tree, a phylo- 
genetic tree including GKs as an outgroup (Fig. 2B) was con- 
structed. The GK cluster was connected to the branch separ- 
ating the long and short types (the point designated '*' in the 
tree), indicating that the divergence of the types of AK is the 
first event occurred uring the evolution of the NMP kinase 
family. The statistical significance of the location, however, 
was not obtained; the bootstrap robability of the branch 
separating the short type AKs and the others was 70%, and 
that of the branch separating the long type AKs and the 
others was only 27%. The tree including GKs showed lower 
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probabilities for other branches as compared with the tree for 
the NMP kinase family only. The poor performance is respon- 
sible for exclusion of the NMPbind domain and its adjacent 
region from computation of evolutionary distance. 
4. Discussion 
Locating the root of the phylogenetic tree on the branch 
separating the long and short type, as indicated by the GK 
A no.of amino acid substitution per site 
1 .o 0.5 
I I I I I I' ' I I I I 
cluster, the evolution of the NMP kinase family was recon- 
structed. The long and short type isoforms appeared first, and 
then isoforms with different subcellular localization or sub- 
strate specificities diverged in both types (Fig. 3). The com- 
mon ancestor of the long and short types had probably either 
type of LID domain, since the domain is important for the 
catalytic reaction of the NMP kinase family. It is not certain, 
however, which type of LID the ancestor had. The phyloge- 
netic relationship of the NMP kinase family implies that in- 
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Fig. 2. Phylogenetic trees of the NMP kinase family. (A) The members of the NMP kinase family only. (B) Including uanylate kinases as out- 
groups. Evolutionary paths of the long and short types of the NMP kinases and those of GKs are shown in green, rose and orange, respec- 
tively. Bootstrap robabilities for the relevant branches are indicated. An asterisk indicates the root position of the NMP kinase family tree, 
which also corresponds to the point of the divergence between the long and short types of this family. A sharp (#) points to the divergence of 
the eukaryotic three kingdoms in the AK2 subgroup. The sequences used in the tree construction are AKls from human [33], pig [34], rabbit 
[35], bovine [35], chicken [36] and carp [37], NK (AK homolog, substrate unknown) from Schistosoma [38], UMP-CMP kinases from pig [39] 
and slime mold [16], uridylate kinase from S. cerevisiae [40], AK2s from bovine [41] and rat [42], AKs from C. elegans [43], S. pombe [27], S. 
cerevisiae [13], rice [44], Trichomonas [31], AK3s from human [45], bovine [46], rat [42] and S. cerevisiae [47], prokaryotic AKs from Bordetella 
[48], Haemophilus [49], Salmonella [50], E. coil [51], Lactococcus [24], B. stearothermophilus [52], B. subtilis [23], Paracoccus [53], Mycoplasma 
[54] and Micrococcus [15], protozoan AK from Giardia [14], chloroplast AK from maize [12] and GKs from pig [55], S. cerevisiae [56] and E. 
coil [57]. 
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sertion or deletion of 20-30 amino acid residues in homolo- 
gous proteins reflects the more distant evolutionary relation- 
ship than do amino acid replacements. 
The short type Micrococcus AK clustered with the long type 
prokaryotic AKs in the trees, reflecting a phylogenetic rela- 
tionship of species from which the prokaryotic AKs derived. 
The relationship does not support a horizontal transfer of the 
Micrococcus AK from eukaryotes. Similarity on the gene or- 
ganization of adk and its flanking genes of Micrococcus to 
that of other prokaryotes [15,23,24] also rules out the possi- 
bility of a horizontal transfer. The Micrococcus AK likely 
evolved independently of the vertebrate AK1; it is considered 
to have been formed by the secondary loss of the 27 residues 
in the LID domain from a long type AK at an early stage of 
divergence of prokaryotic AKs (Fig. 3). Rose et al. [25] re- 
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ported that removal of 25 residues corresponding to the addi- 
tional residues in the long type LID domain was not critical 
for catalysis. The experimental result might be supporting 
evidence of the secondary loss. 
The clustering of AK2 and AK3 with prokaryotic AKs in 
the constructed tree confirms their mitochondrial origin that is 
inferred from the subcellular localization of these enzymes. 
The phylogenetic tree further indicates that a gene duplication 
had occurred to generate AK2 and AK3 genes in an ancestor 
of mitochondria before the divergence of the three eukaryotic 
kingdoms; animals, plants and fungi. It is suggested that the 
mitochondrial ancestor already had two AK genes when it 
was endocytosed into an ancestral eukaryotic ell to begin 
symbiosis. 
The S. cerevisiae AK belonged to the AK2 cluster in the 
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Fig. 3. Putative evolutionary scheme of the NMP kinase family and guanylate kinase. 
phylogenetic tree, which seems to be inconsistent with its cy- 
tosolic localization. Part of this AK (about 10%), however, 
has been found to occur in mitochondrial intermembrane [26], 
where AK2 is localized. Studies on S. pombe indicate that the 
S. pombe AK is also present both in the cytosol and in mi- 
tochondria [27]. Neither of the AKs from S. cerevisiae and S. 
pombe has a cleavable presequence, which would explain their 
localization. In addition, the AKs from rice have recently 
been shown to be distributed largely in cytosol [28]. It is 
thus probable that the subcellular localization of the members 
in the AK2 cluster is not strictly limited to mitochondrial 
intermembrane. An experiment shows that the 8 residues 
from the N-terminal of the S. cerevisiae cytosolic AK play a 
major role in mitochondrial targeting information [29]. This 
report implies that differentiation of subcellular localization 
occurred by smaller changes in the sequences than that lead- 
ing to the divergence of the long and short types. 
It has been reported that UMP-CMP kinases from slime 
mold and pig, S. cerevisiae uridylate kinase and maize AK 
accept UMP/CMP as substrate in addition to AMP. The pri- 
mary difference in amino acid sequences of these kinases is 
located at the position corresponding to Thr 39 in the chicken 
AK1. All kinases which accept also UMP/CMP have Ala at 
the position, while the kinases whose substrate is only AMP 
have Thr or Ser. A site-directed mutagenesis experiment is 
consistent with the results; it demonstrates that the substrate 
specificity for UMP/CMP can be acquired by a single replace- 
ment of Thr 39 for Ala in the chicken AK1 [30]. The substrate 
specificity of Giardia AK, which has Pro at the position, has 
not been documented. 
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The clustering of hydrogenosomal AK from Trichomonas 
with AK2s is incompatible with the report of L/inge et al. 
[31] that AK from Trichomonas has no close relationship to 
any of the AK subfamilies. The difference is mainly attributed 
to the method for computation of evolutionary distance; the 
evolutionary similarity was taken into account in our study, 
but not so in that of L~inge t al. The bootstrap robability of 
the branch separating the AK2 cluster and the others was 
87%. This result indicates a close relationship of the Tricho- 
monas AK to mitochondrial AK2 and supports the common 
evolutionary origin of hydrogenosome and mitochondria. 
The estimated number of amino acid substitution per site 
from the root marked with '*' in Fig. 2B to individual AK2s 
are roughly twice as much as that from the point of the 
divergence of the eukaryotic three kingdoms (marked with 
'#') to individual AK2s. This indicates that the divergence 
between the long and short type AKs is about twice as old 
as that of the eukaryotic three kingdoms. It is thus likely that 
the divergence between the long and short type AKs preceded 
the divergence between prokaryotes and eukaryotes. Actually, 
the divergence between the long and short type AKs was 
shown to have preceded the divergence between prokaryotes 
and eukaryote Giardia. Preliminary results revealed that 
Halobacteria AK belong to the long type cluster (data not 
shown). The long type subgroup includes AKs from all three 
urkingdoms. As well as the long type subgruop, it is probable 
that prokaryotic members will be found in the short type 
subgroup. 
The alternative possibility that AK changed to the short 
type in an ancestor of eukaryotes, however, cannot be ex- 
cluded. Since a variety of intracellular bacteria nd mycoplas- 
ma-like structures are seen in Giardia cysts and trophozoites 
[32], the Giardia AK might have been transferred from pro- 
karyotic symbiont other than mitochondria. 
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